The study of rabbit hemorrhagic disease virus (RHDV) has long been hindered by the absence of an in vitro culture system. In this study, using RHDV as a model, a series of DNA-based reporter replicons were constructed in which the firefly luciferase (Fluc) gene was fused in-frame with the open reading frame of the replicon. In this construct, the Fluc gene was inserted where the coding region of viral structural protein was deleted and was under the control of a minimal cytomegalovirus (CMV) immediate-early promoter. Fluc activity analysis showed that these reporter replicons replicate efficiently in mammalian cells. On the basis of the replicon, 59non-coding regions (59NCR) and genome-linked protein (VPg) were deleted, and the effect on the expression of replicon was analyzed. The results showed that the expression level of Fluc was reduced in the absence of 59NCR and VPg, suggesting that the 59NCR and VPg may play an important role in replication and/or translation of RHDV. To further verify the speculation, we also constructed a replication deficient mutant (pRHDV-luc/D3D), and the impact of 59NCR and VPg deletion on viral translation efficiency was analyzed, our results indicated that both VPg and 59NCR were involved in RHDV translation.
Introduction
Rabbit hemorrhagic disease (RHD) is a highly infectious and fatal disease caused by rabbit hemorrhagic disease virus (RHDV), which is the prototype strain for the genus lagovirus in the family Caliciviridae [1] . The genome of RHDV is composed of 7437 nucleotides (nt) of single stranded, positive sense RNA and encodes two slightly overlapping open reading frames (ORFs): ORF1 and ORF2. ORF1 encodes a polyprotein that produces several nonstructural proteins and the capsid protein VP60. ORF2 encodes the minor structural protein, VP10. The genomic RNA is polyadenylated at the 3' end and at their 59 region it is covalently linked through a Tyr-21 residue to the VPg (virus genome -linked ) protein [2, 3, 4] .
The lack of a susceptible cell line or an animal model for RHDV infection has prompted the development of alternative strategies to study RHDV. Vectors based on self-replicating RNAs (replicons) of positive strand RNA viruses are powerful tools for gene expression in mammalian cells. Since their initial development, replicons have been beneficial for studying the life cycle of viruses. Replicons have been described for several caliciviruses, including NV [5] and RHDV [6] . In previous work, we established a full-length infectious cDNA clone of the RHDV strain CHA/JX/97 and DNA-launch-based RHDV reverse genetics system [6, 7] . Depending on the system, we demonstrated that VP2 is not essential for RHDV infectivity . In this study, we report a novel RHDV replicon system in which a reporter gene (firefly luciferase, Fluc) replaces most of the coding regions of the structural proteins (VP60 and VP10) and is capable of selfreplication in RK13 cells.With the help of the replicon, we also analyzed the effects of the deletion of 59NTR, 3D and VPg on the expression of viral genome.
Materials and Methods

Cells and Viral cDNA
A rabbit kidney cell line (RK13, ATCC NO: CCL-37) was maintained in minimal essential medium (MEM) with 10% fetal bovine serum (FBS) in 5% CO 2 at 37uC. The parental RHDV strain CHA/JX/97 was isolated from rabbits in Zhejiang (china) during the 1997 out-break. Viral cDNAs were generated and described in our previous work [7] .
Gene Constructs
The pRHDV contained the full-length genome of RHDV and was generated in our previous work. To facilitate construction of the RHDV luciferase replicon, a unique ClaI restriction site was introduced into pRHDV by standard site-directed mutagenesis. This restriction site was used to insert the PCR product of the firefly luciferase gene, which was amplified from pGEM-LUC (Promega, USA ) by using a set of specific primers (Fluc-F and Fluc-R) ( Table 1 ). The final fusion PCR product, amplified using the primer set F-4843, R-5305, R-6969, was substituted for the BglII-to-ClaI region in pRHDV, and the Fluc gene was inserted inframe with the start codon of VP60 to replace VP60 gene and part of VP10 (from 5311 nt to 7372 nt) ( Figure 1 ). This plasmid was named pRHDV-luc. To construct the VPg deletion mutant of pRHDV-luc, An in-frame deletion of nucleotides (from 2983 nt to 3327 nt) in the RHDV genome was engineered into the backbone of pRHDV-luc ( Figure 1 ). To do this, a BamHI-PstI fragment from pRHDV-luc with a VPg deletion was constructed using standard overlapping PCR. The PCR product was then inserted into pRHDV-luc, which had been digested with BamHI/PstI, and the resulting plasmid was designated pRHDV-luc/DVPg. Using a similar strategy, A KpnI restriction site was ligated to the first nucleotide of the 5'NCR, 5'NCR was deleted from KpnI-to-EcorV region in pRHDV-luc, the final products was digested with KpnI/ EcorV after purification and was ligated into the backbone of the pRHDV-luc, pRHDV-luc/D59NCR was constructed. The pRHDV-luc/D3D, pRHDV-luc/DVPg/D3D,and pRHDV-luc/ D59NCR/D3D were construced using fusion PCR, In-frame deletion of nucleotides (from 3768 nt to 5305 nt) in RHDV genome was engineered into replicons to generate deletion mutants pRHDV-luc/D3D, pRHDV-luc/DVPg/D3D,and pRHDV-luc/D5'NCR/D3D (figure.1B), the final fusion PCR products were substituted for the EcoRV-to-ClaI region in the pRHDV-luc, pRHDV-luc/DVPg and pRHDV-luc/D59NCR replicons. The primers used to generate these deletion mutant are listed in Table 1 . All of the replicon cDNA plasmids were verified with restriction mapping and DNA sequencing analysis. 
RT-PCR Analysis
For RT-PCR analysis, 24 h after transfection, total cellular RNA was extracted with Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions and then resuspended in nuclease-free water (Takara, Japan). cDNA was synthesized from 500 ng RNA template using M-MLV reverse transcriptase (Takara, Japan) according to manufacturer's instructions, the cDNA of plus strand RNA was synthesized using the jdFluc-R or jdNSP3-R primer, the cDNA of minus strand RNA was synthesized using the jdFluc-F or jdNSP3-F primer. The control RT-PCR reaction of total RNA from non-transfected RE-13 cells and reaction without the reverse transcriptase (RT) were made, 2 ul of the RT-PCR mixture was added to the PCR reaction.PCR reaction was performed in 35 cycles using Ex Taq polymerase (Takara, Japan). The RT-PCR products were analyzed on 2% agarose gel. The primers used to detection are listed in Table 1 .
qRT-PCR
For RT-PCR analysis, 24 h after transfection, total cellular RNA was extracted with Trizol reagent (Invitrogen, USA) according to the manufacturer's instructions and then resuspended in nuclease-free water (Takara, Japan). RNA samples were treated with DNAse (Takara, Japan) and first strand DNA synthesis was conducted using M-MLV reverse transcriptase (Takara, Japan) according to manufacturer's instructions, with random hexamers using DNAse treated RNAs as templates. 2 ul of the RT-PCR mixture was used in various qRT-PCR reactions using either primers GAPDH-F and GAPDH-R to amplify a fragment of the internal control GAPDH sequence, or primers jdfluc-F and jdfluc-R to amplify the fluc sequence. Triplicates of samples were pipetted into a 96-well qPCR-plate and reactions were performed with SYBR Green PCR mix (Takara, Japan) using an Mastercycler ep realplex real-time PCR machine (Eppendorf, Germany). Three biological replicates were done for each treatment. PCR amplification was performed using a program of 10 min at 95uC followed by 40 cycles of 15 s at 95uC, 30 s at 55uC and 30 s at 72uC. RNase-free water and cDNA synthesized from RNA isolated from noninfected RK13 cell were routinely used as a no-template control for every run. At the end of the assay, the specificity of each amplified product was ascertained by the means of melting curve analysis 15 s at 95uC, 20 s at 60uC and 15 s at 95uC. This eliminated false-positive detections due to primer dimers or nonspecific amplicons.
In preliminary experiments, the PCR products were separated on agarose gels, products were confined to a single band of the expected size for each specific target. The PCR efficiency was .90% in all PCR runs. A comparative threshold cycle (C T ) was used to determine gene expression relative to the control (pRHDV-luc). For each sample, fluc C T value was normalized using the formula gC = C T(fluc) -C T(GAPDH) . To determine relative expression levels, the following formula was used: gg CT = g CT(sample) -g CT(control) . Relative fluc expression was calculated using the expression formula 2 2ggct .
Growth Curve in Cell Culture
RK13 cells were grown in 35 mm dishes. The cells were transfected with plasmids DNA and pGL4.75 incubated at 37uC in 5% CO 2 . The cells were harvested at 12, 24, 36, 48, 60 and 72 h post-transfection and stored at 280uC.
Indirect Immunofluorescence Assay (IFA)
For Indirect immunofluorescence assay (IFA), RK13 cells were fixed in 3.7% paraformaldehyde in PBS (pH 7.5) at room temperature for 30 min and permeabilized by incubation in 220uC methanol for 30 min. The fixed cells were washed with PBS and incubated for 2 h at 37uC with a 1:1000 dilution of monoclonal antibody specific for Fluc (Promega, USA). After incubation with primary antibody, cells were washed with PBS and incubated for 1 h at 37uC with a 1:1000 dilution of rabbit anti-goat immunoglobulin G conjugated to fluorescein isothiocyanate. Finally, the samples were observed under a fluorescence microscope equipped with a video documentation system.
Luciferase Activity Determination
One day after transfection, each well with RK13 cells was washed with PBS, and the cells were lysed in 500 ml of reporter lysis buffer (Promega, USA) per well of a 6-well plate. The cells were then incubated on a shaker at room temperature for 15 min. The content of each well was transferred to a microcentrifuge tube, and the samples were centrifuged at 12,0006g for 2 min at 4uC. Next, 20 ml of the supernatant was assayed for firefly luciferase activity using a dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions. Luciferase activities were measured using a FB12 Luminometer (Berthold,-Germany).
Results
Construction and Characterization of RHDV Replicon
The overall strategy to construct the pRHDV is outlined in Figure 1 . In our previous studies, a full-length cDNA clone of RHDV was constructed, pRHDV was driven by hCMV promoter, and the core sequence of HDV ribozyme was placed immediately downstream of the viral poly (A) tract to ensure that Primers for detection of replicon
Primers for pRHDV-LUC/DVPg constructs the final transcripts had the correct 39 end. The pRHDV is capable of self-replication in RK cell [6, 7] . To monitor the replication of the pRHDV and to explore the possibility of expressing foreign genes using the system, we engineered a reporter gene into pRHDV. One common strategy of this replicon is to use a large internal in-frame deletion that corresponds to the removal of most of the structural protein coding regions. For RHDV, retention of a small portion of the structural protein coding sequence has been shown to be essential for autonomous replication. ORF1 encodes a large polyprotein, and it gives rise to mature viral proteins by proteolytic cleavages at its N and C termini and produces several non-structural proteins and the capsid protein, VP60. ORF2 encodes VP10, and the start codon of ORF2 is located at nt 7025 and shares a 17 nt overlap with ORF1 [4] . Thus, for construction of RHDV replicon, the majority of the structural protein VP60 and the VP10 coding sequence was replaced by Fluc. For the replicon to produce mature protein, the viral cleavage sites must be retained for substrate recognition and cleavage. Therefore, we included the coding sequences for the two amino acids at the N termini of the VP60 protein. Using a similar strategy, VPg and 3D deletion mutants retain the two N and Cterminal amino acids as viral cleavage sites to yield functional proteins [8, 9] , The positions of the cleavage sites at the N and C termini of the proteins were shown in Figure 1A .
Following the transfection of RK-13 cells with pRHDV-luc, the expression of mRNA was evaluated by performing RT-PCR with RNA samples that were harvested at 24 h post-transfection. The RT-PCR products separated by agarose gel electrophoresis show two PCR products from reporter gene fluc and viral gene NSP3. Both plus-and minus-strand RNAs of virus were detected. (Figure. 2). IFA of Fluc protein expression in cells transfected with pRHDV-luc was readily detect able in RK-13 cells using a fluc monoclonal antibody (Promage, USA), and the cells transfected with pRHDV failed to cross-react with the Fluc monoclonal antibody ( Figure. 3). These results confirmed the ability of RHDV replicon automatically replicate in RK13 cells.
To evaluate the replication dynamics of RHDV replicon, RK-13 cells were transfected with pRHDV-luc and subsequently assayed for fluc activity at 12, 24, 26, 48, 60 and 72 h posttransfection. Fluc activity was normalized with respect to a cotransfected plasmid encoding a Renilla luciferase. Similar results were obtained in three independent experiments. The results showed that the level of Fluc activity in RK13 cells reached a maximum value at 24 h post-transfection and then declined gradually (Figure. 4) .
qRT-PCR Detection of Viral mRNA Levels
In order to examine how deletion mutants affected fluc mRNA levels, we performed qRT-PCR annalysis of RNA isolated from samples transfected with pRHDV-luc and its derived deletion mutants, the results showed that deletion mutations 59NCR and VPg, which resulted in a decrease of fluc mRNA (Figure. 5A ). The percentages of fluc mRNA levels of replication-deficient pRHDVluc/D3D, pRHDV-luc/DVPg/3D, or pRHDV-luc/D59NCR/ 3D, compared to the pRHDV-luc were approximately 16%,10%,6%. In a word, these findings demonstrate that the 59NCR, VPg and 3D are important for the production of fluc mRNA.
The Deletions of 5'NCR,VPg and 3D could Reduce the Expression Level of Fluc
To study on the relation between the deletion of 59NCR,VPg or 3D and RHDV translation and/or replication, a series of in-frame deletion mutants were constructed based in the backbone of pRHDV-luc, equal amounts of parental and mutant replicon plasmids were co-transfected into RK13 cells, Renilla luciferase activity (pGL4.75,Promage, USA) is used to normalize Fluc activity, The effect of the deletions on the expression level of fluc was evaluated by detecting the luciferase activity. The percentages of luciferase activity of mutant replicons pRHDV-luc/D59NCR, pRHDV-luc/DVPg and pRHDV-luc/D3D, compared to the pRHDV-luc level were approximately 39.4%, 5.2%, and 3.1% ( Figure. 5B) . The experimental results also showed that fluc activity derived from the VPg mutant was significantly lower than that of parental replicon, which implied that VPg may play a significant role in the life cycle of RHDV. As a control,a null replication mutant of the RHDV was constructed by deleting the 3D gene (encoding RNA-dependent RNA polymerase, RdRp) from pRHDV-luc.
VPg and 59NCR are Essential for RHDV Translation
To explore the relation between VPg/59NCR and viral translation, we performed luciferase activity analysis of RK-13 cells transfected with pRHDV-luc/D3D,pRHDV-luc/DVPg/3D, or pRHDV-luc/D59NCR/3D, along with pGL4.75(Rluc). As shown in (Figure. 5C ), either deletion of VPg or 59NCR could severely impaired the level of fluc production. To test whether the level of luciferase activity depends on the mRNA concentration, qRT-PCR analysis showed that the levels of fluc mRNA of pRHDV-luc/3D, pRHDV-luc/DVPg/3D and pRHDV-luc/ D59NCR/3D compared to the pRHDV-luc were approximately 16%,10%,6% (Figure. 5A) . The results proved the deletion mutants of 59NCR and VPg could reduce the expression level of Fluc, indicating they were essential for viral transcription and translation.
Discussion
Reverse genetics of plus-sense RNA viruses using cDNA copies of viral genomes to generate infectious RNA transcripts is a powerful tool to study the molecular details of all aspects of viral life cycles [10] . RHDV is a highly virulent pathogen of rabbits, and the studies into the molecular mechanisms of RHDV replication and translation have been hindered by the lack of an in vitro culture system. To overcome the obstacle, the aim of this study was to establish an experimental system for studying RHDV. We constructed a plasmid containing an Fluc gene fused in-frame with the viral ORF in the position where the structural genes were deleted ( Figure. which monitored the synthesis of viral proteins and replicon RNA. Time course analysis showed that the intensity of the luciferase signal reached a maximum value at 24 h post-transfection. As far as we are aware, this is the first report of such a system developed for RHDV. Using this system, we initiated functional analysis of some important regions of RHDV.
Caliciviruses have some unique properties when compared with other related families of positive-stranded RNA viruses. For example, the 59NTR of caliciviruses is extremely short and the first ORF of RHDV starts just after nine nucleotides, whose length argues against the present of an internal ribosomal entry side (IRES), besides RHDV and other caliciviruses also lack a 59cap structure at its terminus. Therefore, in the Caliciviridae family, recent studies support a novel mechanism of calicivirus VPgdependent protein synthesis [11, 12, 13] . The role of the calicivirus VPg protein in viral translation was first confirmed for feline calicivirus (FCV). The VPg protein interacts directly with the capbinding protein eIF4E, and this interaction is essential for viral translation [11, 14] . Thus, the calicivirus VPg protein may function as a proteinaceous cap substitute, where RHDV VPg is covalently linked to the 59 end of genomic and subgenomic RNA through a Tyr-21 residue that is involved in uridylylation [15] . Additionally, the VPg protein may play a role in replication and function as a protein primer of the viral RNA polymerase [16] . These data indicated that the genome-linked protein VPg in calicivirus infection is multifaceted [17] . In this research, VPg deletion significantly reduced the expression level of the reporter gene, implying that the VPg protein plays a critical role in the life cycle of RHDV. However, the details of its potential role in RHDV replication and translation await further study.
The 59NCR of RHDV is very short and displays a high degree of conservation [18] , we speculate that the 59NCR may be necessary for virus survival. Additionally, the 59 ends of the genomic RNA and the subgenomic RNA of RHDV, an extremely high homology was found [19] , suggesting that it might be important for virus replication and/or translation [20] . However, in the case of RHDV little is known about the mechanisms of viral replication and translation. In this study,we have utilized the system for analyzing the potential effect of 5'NCR on viral translation. Our results showed that 59NCR played an important role in viral transcription and translation.
The absence of a permissive cell line and a susceptible animal model for RHDV infection has made it difficult to study the biology of the virus., The results of this study demonstrated that the reporter replicon replicates efficiently in mammalian cells and the expression level of the replicon reporter gene correlates to the level of genome replication and translation compared with the fulllength infectious clone. The replicons contain a sensitive reporter gene. The quantitative analysis of luciferase activity is helpful in monitoring the effects of mutations on viral replication and translation. In this study, the luciferase activity was reduced in the absence of 59NCR, VPg and 3D,and VPg and 59NCR are involved in viral transcription and translation.
These results provide a basis for further study of the molecular mechanism of RHDV. The availability of the RHDV system that expresses a reporter gene should lead to new insights into RHDV replication and translation.
